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Formation of DHA phosphate and lacRequirements for ATP, NAD and magtate was demonstrated by paper chromanesium have been quantitated. Calcium, tography and autoradiography. Evidence lithium and phosphate ions as well as of a new DHA kinase is presented. several well known metabolic inhibitors E ARLIER LITERATURE on the utilization of dihydroxyacetone (DHA) by the intact animal has been well d0cumented.l Recent work with C14-labeled DHA shows that this triose is oxidized by the intact rat.2 In contrast to the large number of studies on utilization of DHA by man and animal, little has been reported on work with tissue preparations. Contradiction resulted from the first attempts to determine the metabolic fate of DHA in tissue preparations."-" Conversion of DHA to hexose in the liver slice of the rat has been reported. R More recently, oxidati\re phosphorylation of DHA has been demonstrated along with a number of carbohydrates and intermediates.? Phosphorylating enzymes with activity for trioses have also been described.s-10 However, in none of these studies was the specific measurement of the disappearance of DHA or the identification of the product(s) of the reaction made. Therefore, we have undertaken a direct approach to elucidate the metabolic fate of DHA in the liver homogenate of the rat.
In order to establish the metabolic fate of DHA, methods for the analysis of DHA were devised.'*zl" C14-labeled DHA was prepared and the over-all effect of DHA administration to intact normal and diabetic rats was observed.2J3 This paper describes our study on the influence of the other metabelites and inhibitors, identification and stochiometry of the metabolic products of DHA. From these studies, a metabolic pathway for DHA has been established. 
MATERIAL AND METHODS

Chemicals
RESULTS
E#ed of the presence of mefnbolites nnrl intcrmetlintes: To incubation mixtllres containing all the components described under Procedwe were added concentrations of the following substances equimolar to that of DHA:
glucose, fructose, glucose-l-phosphate, glucose-6-phosphate, fructose-6-phosphate. fructose -1, 6&phosphate, 3-phosphaglycerate, hydroxypyruvate, glycerate and glycerol. Excepting a moderate inhibition of DHA metabolism by fructose-6-phosphate, their presence had no significant effect. The concentrations of all of these substances were then increased tenfold in order to intensify whatever effect they might have on DHA metabolism. Again there was no effect except an 88 per cent inhibition by the fructose-6-phosphate. Distributiofa of activity among cell components: Liver cell components were prepared and kept frozen in 0.25 M sucrose solution at -20 C. The freshly thawed and resuspended material was used without further disruption of the particles. The distribution of the activity for DHA metabolism was measured by substituting a suspension of cell components for homogenate and determining the DHA disappearance rate. The activity of each component in terms of per cent of the total was as follows: supernatant, 87 per cent; microsomes, 7 per cent; mitochondria, 0 per cent, and nuclei (plus debris), 6 per cent.
Products of DHA metabolism in liver extract: Apparently considerable amounts of readily ionizable acid were produced during incubation because the pH decreased even when maximum permissible concentration of the phosphate buffer was used. In the measurement of acid production, a preincubation period of I5 minutes was allowed for the exhaustion of endogenous substances in the liver extract that might yield acid upon their metabolic conversion. Thus, the acid production due to DHA metabolism would not be masked by this endogenous process. Five times the usual amount of incubation mixtures was employed to permit removal of samples at 5 and 10 minutes without unduly affecting the experimental conditions. The DHA levels in these samples were determined to give the amount of DHA metabolized. The results are shown in table 2.
Since the most likely acid product from DHA metabolism is lactic acid, the lactate concentration at the beginning and the end of 10 minutes incubation was measured, Preincubated mixtures were again used to minimize the error due to endogenous lactate production. The disappearance of DHA was also determined, In one experiment ATP was omitted from the incubation mixture. A stochiometric relationship between DHA disappeared and lactate produced was found. In another experiment in which ATP was added to augment the endogenous cofactor, such relationship was not obtained (table 3). To establish that the lactate produced in the above experiments WBS actually derived from DHA rather than by a possible stimulating effect of DHA on the endogenous processes, DHA-1, 3-C'-' was then used in place of non- conditions. This possibility was investigated. Incubation was stopped with hoiling ethanol at 10 minutes after addition of DHA and the alcoholic c'xtract was concentrated and subjected to two-dimensional chromatography as described above. The paper was sprayed with aniline-phthalic acid reagent to visualize the intermediates. Two distinct spots were observed--a light brown one indentical with pure DHA and a dark brown one corresponding to knowu DHA phosphate sample. When this experiment was repeated with and without the addition of NAD to the incubation mixturr. no visible difference was noted. This experiment was again repeated with DHA-1, 3-C'4; the ATP was added to the incubation mixture. Samples were removed at 0, 10 and 20 minutes and the reaction was stopped with boiling ethanol. Spots corresponding to DH.4. DHA phosphate and lactic acid were observed as predicted on the x-ray film after a 7-day exposure. Subsequent to the autoradiography, spraying of the paper chromatogram with aniline-phthalic acid reagent revealed the DHA and the DHA phosphate spot. Their locations were identical with those of the autoradiography.
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Comparison with previously described preparations: Since preparations of rat liver have been reported to phosphorylate DHA as well as glycerol or glyceraldehyde, '-I0 the eIfect of procedures of preparation on the specific activity for DHA and other substrates was compared. In table 4, the results show that activity for the phosphorylation as DHA as measured by our method can be separated from the glycerokinase activity.g When the homogenate from rat liver was dialyzed under various conditions, including one that has been described for a preparation which phosphorylated trioses'" the product was entirely inactive for the phosphorylation of DHA.
Other observations: The effect of DHA on the production of CO, in liver homogenate was observed in a Conway diffusion cell which contained 2.5 times the usual amount of incubation mixture in the outer chamber. The CO2 produced in 20 minutes was determined titrimetrically. The amounts of CO2 produced with and without the addition of 20 pmoles of DHA were 3.26 and 5.43 ymoles, respectively. Thus, in vitro DHA seems to have an inhibitory effect on respiration of the homogenate.
Observation of the absorbance of complete incubation mixtures with liver extract at 340 rnp in a spectrophotometer with the cuvette maintained at 37 C. showed no increase in absorbance due to net NADH formation. When NADH was used in the incubation mixture in place of NAD only a slow decrease in absorbance was observed.
DISCUSSION
In this study, the identification of DHA phosphate as a principal intermediate indicates conclusively that the metabolism of DHA in liver starts with phosphorylation and thereupon follows the steps of the Embden-Meyerhof scheme. In the in vitro experiments with liver extracts, lactic acid is shown to be the major product, resolving the contradiction in earlier work3m5 and supporting more recent data on another tissue."0 In the intact rat, our previous work2 showed divergent metabolic end products that are consistent with the known glycolytic pathway. This was indicated by the formation of radio-
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active respiratory COZ, blood glucose, and the labeling of the carbon atoms of the liver glycogen from injected DHA-1, 3-C'4. As necessary corollary to the preliminary phosphorylation of DHA, there must be present in the rat liver a DHA kinasc. This is consistent with our present data.
Lindberg, using dialyzed homogenate of rabbit kidney cortex in incubation medium containing ATP, Mg, NAD and 174 pmoles of NaF in a total volume of 2.3 ml., was able to demonstrate uptake of 0, and inorganic orthophosphate due to DHA. He further showed the product not to be alkali-labile, thus suggesting that it was fructose diphosphate. ' Our data shows that NaF at that concentration would completely inhibit phosphorylation of DHA and that without NaF, the product is essentially lactic acid. This discrepancy could be explained on the basis of difference in tissue, animal, or the preparation of tissue. Hers and Kusaka, working with partially purified homogenate of guinea pig liver described a triokinase which phosphorylates D-glyceraldehyde and DHA.8 The glycerokinase obtained by Bublitz and Kennedy from rat liver however, phosphorylate L-glyceraldehyde and DHA." Now that we have demonstrated the difference between this glycerokinase and a DHA kinase of the same tissue, the occurrence of several distinct enzymes with common activity for DHA seems likely. Possibly Cardini was reporting yet another enzyme from the liver of the fasting rat .I" Unfortunately, none of these preparations is purified sufficiently to allow precise characterization. One related enzyme that has been highly purified is the glycerokinase of pigeon liver.?' It should be noted that our procedure for the determination of DHA does not include DHA phosphate; therefore, the rate of DHA disappearance as measured is dlle to DHA conversion alone,
